1. The enzyme that catalyses the transfer of galactose from UDP-galactose to N-acetylgalactosaminyl-( l-4)-N-acetylneuraminyl-(2--3)-galactosyl-( 1-4)-glucosylceramide (GM2) was found mainly in the heavy-and light-microsomal fractions of the adult frog brain. 2. The subcellular distribution of the enzyme, UDPgalactose-GM2 galactosyltransferase, parallels that of gangliosides in adult frog brain. 3. The enzymic activity was first detected at late gastrulation (Shumway stage 1 Ij) and increased until the completion of the operculum (Shumway stage 25) and then decreased in the tadpoles. 4. In adult frog brain, the enzyme exhibited a pH optimum of 7.2-7.3 in both cacodylate and tris buffers. The enzyme required lOmM-Mn2+ for maximal activity and the K,,, for Mn2+ was determined as 2.2mM. The half-maximal velocity was obtained at a GM2 concentration of 0.18 mM. Inhibition ofthe enzymic reaction was found when the GM2 concentration was greater than 1.38mM. 5. The enzymic activity was also inhibited by the products in the pathway ofganglioside synthesis, i.e. either by a mixture of gangliosides or by individual ganglioside components. The most active inhibitor was disialoganglioside. The degree of inhibition is a function of the individual ganglioside concentration. 6. A product-inhibition mechanism for the regulation of ganglioside biosynthesis is discussed.
1. The enzyme that catalyses the transfer of galactose from UDP-galactose to N-acetylgalactosaminyl-( l-4)-N-acetylneuraminyl-(2--3)-galactosyl-( 1-4)-glucosylceramide (GM2) was found mainly in the heavy-and light-microsomal fractions of the adult frog brain. 2. The subcellular distribution of the enzyme, UDPgalactose-GM2 galactosyltransferase, parallels that of gangliosides in adult frog brain. 3. The enzymic activity was first detected at late gastrulation (Shumway stage 1 Ij) and increased until the completion of the operculum (Shumway stage 25) and then decreased in the tadpoles. 4. In adult frog brain, the enzyme exhibited a pH optimum of 7.2-7.3 in both cacodylate and tris buffers. The enzyme required lOmM-Mn2+ for maximal activity and the K,,, for Mn2+ was determined as 2.2mM. The half-maximal velocity was obtained at a GM2 concentration of 0.18 mM. Inhibition ofthe enzymic reaction was found when the GM2 concentration was greater than 1.38mM. 5. The enzymic activity was also inhibited by the products in the pathway ofganglioside synthesis, i.e. either by a mixture of gangliosides or by individual ganglioside components. The most active inhibitor was disialoganglioside. The degree of inhibition is a function of the individual ganglioside concentration. 6. A product-inhibition mechanism for the regulation of ganglioside biosynthesis is discussed.
A stepwise synthesis of gangliosides in adult frog brain has been proposed recently by Yip & Dain (1969a) . The pathway involves the addition of nucleotide sugars to the corresponding asialoglycolipid acceptors (reactions 1-4 in Scheme 1).
The synthesis of gangliosides in embryonic chick brain as proposed by Kaufman, Basu & Roseman (1966) , differs from reactions 2-4 in that NANA* is first transferred to lactosylceramide by the CMP-NANA-lactosylceramideN-acetylneuraminyltransferase (reaction 5). The product of reaction 5, GM3, is converted into GM1 in two enzymic steps catalysed by the UDP-N-acetylgalactosamine-G,3 N-acetylgalactosaminyltransferase (reaction 6) and UDP-galactose-GM2 galactosyltransferase (reaction 7), respectively.
Preliminary studies in our laboratory have demonstrated the presence of UDP-N-acetylgalactosamine-GM3 N-acetylgalactosaminyltransferase and UDP-galactose-GM2 galactosyltransferase in adult frog brains (Dain, Mark, Yiamouyiannis & *Abbreviations: NANA, N-acetylneuraminic acid; Cer, ceramide (2-N-acylsphingosine). Ganglioside nomenclature suggested by Svennerholm (1964) : GM2, TaySachs ganglioside [N-acetylgalactosaminyl-(1---4 
Gr, polysialoganglioside.
Gm,. GDI, GP GM1 Scheme 1. Cha, 1967; Yiamouyiannis & Dain, 1968a) . This observation suggests the existence of the biosynthetic pathway described by Kaufman et al. (1966 (1966) were used for fractionation of the frog brain homogenates into their cellular components. Adult frog brains were homogenized in 0.25M-sucrose solution containing 0.11% (w/v) 2-mercaptoethanol (two brains/ml). The homogenization was divided into two 1 min periods with an interval for cooling. The total homogenate, diluted with an equal volume of the sucrose solution, was centrifuged for 10min at 900g. The precipitate was washed twice in sucrose medium and centrifuged to obtain the 900g particle (nuclear) fraction. The supernatant fluid was pooled and centrifuged at 11 5OOg for 20min.
The precipitate was washed once in the same medium and centrifuged again to obtain the 11 500g particle (mitochondrial) fraction. The supernatant fraction was combined and centrifuged at 20000g for 30min. The precipitate was designated the 20000g particle (heavy microsomes) fraction and the supernatant fluid was centrifuged at 1000OOg for lh. The precipitate was designated the 10OOOOg particle (light microsomes) fraction. To obtain the soluble fraction, a small portion of the original homogenate was centrifuged at lOOOOOg for lh and the supernatant was used. All operations were performed at 0°C.
Enzyme assay. The complete incubation mixture (Kaufman et al. 1966 lO, umol; MnCl2, l, umol;  enzyme preparation (0.1-1.6mg of protein). The reaction was allowed to proceed for 4 h at 37°C and was terminated by the addition of O.lml of chloroform-methanol (2:1, v/v). The whole reaction mixture was transferred to Whatman 3MM filter paper for ascending paper chromatography in 1% (w/v) Na2B407 (pH9.0) for 6-7h. The UDP-[14C]galactose and its degradation products migrated near the solvent front whereas the reaction products remained at the origin. The radioactivity of the origin plus lin of the paper was counted in fluor in a liquid-scintillation spectrometer. The fluor contained 4g of 2,5-diphenyloxazole, 50mg of 1,4-bis-(5-phenyloxazol-2-yl)benzene and 1 litre oftoluene. The counting efficiency was 70%. The reaction blank contained the complete reaction mixture minus GM2. Protein was determined by a biuret method (Gornall, Bardawill & David, 1949) . NANA was determined by the method of Svennerholm (1957) . Artificialfertilization. Before use, all frogs were kept at 4°C. To induce ovulation, female frogs were injected intraperitoneally with four to six pituitaries taken from adult females of the same species (Rugh, 1962) . The pituitaries suspended in 0.5 ml of water were drawn up into the barrel of a hypodermic syringe and injected through a large-bore hypodermic needle (no. 18). The females were kept at room temperature until they were ready to ovulate (24-48 h). The eggs from each female were stripped and fertilized by mixing with two pairs of minced testes. The testes were dissected in about lOml of water kept 10min at room temperature to allow the spermatozoa to become active. Embryos were allowed to develop in modified Holtfreter's solution (Brown & Caston, 1962) at room temperature and the medium was changed at least three times each week.
RESULTS
Requirements for frog brain UDP-galactose-GM2 galactosyltransferase activity. The enzyme required Mn2+ for optimum activity and the addition of The enzyme was distributed in all the subeellular fractions (Table 3) . Heavy-and light-microsomal fractions contained most of the UDP-galactose-GM2 galactosyltransferase activity (65%). The distribution of the enzymic activity paralleled that of the frog brain gangliosides. Heavy-and lightmicrosomal particles contained 59% of the total gangliosides in the adult frog brain (Table 3 ). The remaining portion of the frog brain gangliosides was distributed mainly in the mitochondrial fraction. Gangliosides isolated from each subcellular fraction were qualitatively similar when they were examined by ascending t.l.c. in two solvent systems: propan-l-ol-water (7:3, v/v) and chloroformmethanol-water (61:32:7, by vol.) . Shumway stages (embryos) Table 4 . Inhibitor specificity of UDP-galactose-GU2 galactosyltransferase The complete system was as described in the Materials and Methods section. The incubation time was 4h and 1.2 mg of protein from the whole homogenate was used for the assay. Ganglioside seemed fairly specific in inhibiting the enzyme since NANA and NANA-containing analogues (Table 4) had little if any inhibitory effects when added to the assay system.
General characteritic of the frog brain UDPgalactose-GM2 galactosyltransferase. The enzyme exhibited a pH optimum of 7.2-7.3 in both cacodylate and tris buffers; boric acid-borax buffer was inhibitory at pH 7.4-8.5. The enzyme required 10mm-Mn2+ for maximal activity and the Km for Mn2+ was determined as 2.2mM by the method of Lineweaver & Burk (1934) . The half-maximal velocity was obtained at a GM2 concentration of 0.18mM (Fig. 2) . Inhibition of the enzymic reaction was observed at a GM2 concentration equal to or greater than 1.38mM.
Inhibition of the UDP-galactose-GM2 galactosyltransferase activity by gangliosides. Since the galactosyltransferase activity is inhibited by high concentrations (1.38 m ) of its own substrate, GM2, the effect of a mixture of gangliosides and the individual ganglioside components on the enzymic activity was studied. When 0.26,umol of ox brain gangliosides was present in the incubation mixture, the incorporation of [14C]galactose into GM2 was greatly inhibited (Fig. 3) . The inhibition could be reversed by the addition of Mn , Mg2+ or CaZ+ after 2h. The individual ganglioside components, GM1, GD1. and GT1 also inhibited the enzyme activity, the most active inhibitor being GD1.
DISCUSSION
The correlation between the subcellular distribution of the UDP-galactose-GM2 galactosyltransferase and the gangliosides in adult frog brain (Table 3) suggests that this enzyme has a role in the synthesis of GM, in vivo. The biosynthetic importance of this enzyme is further strengthened by the simultaneous appearance of the galactosyltransferase activity (Fig. 1) and GM1 (Yiamouyiannis & Dain, 1968b ) during embryonic development. However, the relative contribution of the UDPgalactose-GM2 galactosyltransferase and the UMP-NANA-Gall --3GalNAcl -4Gall -4Glc -Cer Nacetylneuraminyltransferase (Yip, 1968) in the synthesis of GM1 in adult frog brain remains to be determined.
The subcellular distribution of UDP-galactose-GM2 galactosyltransferase in adult frog brain differs from that of the embryonic chick brain. Basu, Kaufman & Roseman (1965) and Kaufman et al. (1966) have demonstrated that in embryonic chick brain the enzyme is localized mainly in the 39000g particles. By contrast, in the adult frog brain, the heavy-and light-microsomal fractions contain 65% of the total enzymic activity in the homogenate and 11% is found in the mitochondrial 30, fraction which contains free mitochondria and synaptosomes (Yip, 1968) . Recent studies of the UDP-galactose-GM2 galactosyltransferase in 21-day-old foetal rat brain by Yip & Dain (1970) have shown that most of the enzymic activity is found in the heavy-and light-microsomal fractions. The role of Mg2+ and Ca2+ in the reversal of the inhibition of the UDP-galactose-GM2 galactosyltransferase activity deserves further investigation. The fact that Mg2+ and Ca2+ cannot replace Mn2+ in activating enzymic activity but can reverse the inhibition by gangliosides (Fig. 3) effective an inhibitor as GM1. The enzymic activity is inversely related to individual ganglioside concentration. Further, the results imply that all residues in GM, and GD1S are equally accessible for interaction with Mn2+ whereas the residues of GT1 appeared to be less effective. These results appear to be consistent with the data of Meisler & McCluer (1966) who reported that all NANA residues of GM, and GD,1, are titratable and a significant proportion of the acid groups in GT1 is bound in some form. This observation could explain the less effective inhibition by GT1. The ability of gangliosides to inhibit divalent ion-activated enzymes has been reported (Yip & Dain, 1969b ).
An excess of gangliosides in any compartment of the cell may cause a deficiency of the available Mn2+ ions locally in the brain with concomitant lowered activity of the UDP-galactose-GM2 galactosyltransferase. The subeellular association of the transferase with gangliosides (Table 3) suggests the possibility of a balance between enzyme activity and product concentration.
